INTRODUCTION
Crimean-Congo hemorrhagic fever virus (CCHFV) belongs to the family Bunyaviridae and causes severe disease, with mortality ranging up to 30 % in susceptible hosts (Ergonul, 2006) . The virus is transmitted to humans mainly through the bite of a tick or exposure to blood or tissue from infected animals or humans. Since the 1970s, only sporadic outbreaks of Crimean-Congo haemorrhagic fever (CCHF) have been reported worldwide (Ergonul & Whitehouse, 2007) . Lately, however, and especially during the 21st century, outbreaks of CCHF have become more frequent in the countries of former Yugoslavia, Turkey and Iran (Ergonul & Whitehouse, 2007) . As CCHFV is endemic in these countries, recent outbreaks are not likely to result from new introductions of CCHFV genotypes. Instead, it is proposed that climate changes, in combination with extended and increasing use of land for agriculture and farming, may be responsible for increased CCHF incidence (Ergonul, 2006; Estrada-Pena, 2001; Gubler et al., 2001) . A warmer climate facilitates tick reproduction, whilst farming elevates the risk of tick exposure and hence an increase in CCHFV infection. Finally, migratory birds may also play a role in CCHFV dissemination. Birds are generally refractory to CCHFV, but may carry infected ticks over long distances (Hoogstraal, 1979) .
To date, CCHF has been reported in more than 30 countries in Africa, Asia, eastern Europe and the Middle East. The distribution of the disease coincides well with the geographical occurrence of the tick vector Hyalomma marginatum marginatum (H. m. marginatum) (Ergonul, 2006; Hoogstraal, 1979; Whitehouse, 2004) . In fact, of all medically significant tick-borne diseases, CCHFV is one of the most geographically widespread pathogens (Ergonul & Whitehouse, 2007) .
A number of studies have addressed the genetic variability of CCHFV in different countries and from several outbreaks (Burt & Swanepoel, 2005; Chinikar et al., 2004; Kuhn et al., 2004; Midilli et al., 2007; Ozdarendeli et al., 2008; Papa et al., 2002a Papa et al., , b, c, 2004 Papa et al., , 2005 Seregin et al., 2004a Seregin et al., , b, 2006 Tonbak et al., 2006; Tumanova et al., 2006; Yashina et al., 2003a, b) , but only two studies have addressed the genetic relationship of CCHFV worldwide (Deyde et al., 2006; Hewson et al., 2004) . Compiled data from all of these studies have led to the subdivision of CCHFV into seven genetically distinct groups: Africa 1 (Senegal), Africa 2 (Democratic Republic of the Congo and South Africa), Africa 3 (south and western Africa), Europe 1 (Russia, Turkey, Bulgaria, Kosovo and Albania), Europe 2 (Greece), Asia 1 (the Middle East, Pakistan and Iran) and Asia 2 (China, Uzbekistan, Tajikistan and Kazakhstan). However, a deeper understanding of the genetic variability of CCHFV is needed, as the two studies that have addressed the worldwide variability of the virus included fewer than 40 sequences from each segment (Deyde et al., 2006; Hewson et al., 2004) . Moreover, in terms of CCHFV migration and despite an already established relatedness between different genotypes, phylogenetic tree analyses do not provide statistically supported information regarding virus migration between countries or regions within countries. By using full genome sequences and analysing incongruences between trees constructed for the small (S), medium (M) and large (L) segments, migration of CCHFV has been shown (Burt et al., 2009; Deyde et al., 2006; Hewson et al., 2004) . However, such analyses can only identify migration events involving rearrangements, whilst the direction of migration remains unknown.
In this study, we have analysed a total of 168 partial CCHFV S-segment sequences collected worldwide and applied a phylogeographical method in an attempt to understand better the migration pattern of CCHFV.
RESULTS

Phylogenetic relationship of CCHFV
To determine the phylogenetic relationship of CCHFV, we analysed two datasets corresponding to 450 and 220 nt of the CCHFV S segment.
Maximum-likelihood (ML) phylogenies using the 450 and 220 nt datasets showed that CCHFV can be divided into seven genotypes (Figs 1 and 2 (Table 1 ). In Iran, for example, four different genotypes (1, 2, 4 and 7) were identified, and in South Africa three genotypes (3, 5 and 7) were found (Table 1) . It is also interesting to note that the same genotypes can be found in countries that are very distant. For instance, genotype 1 was found predominantly in the Middle East but was also present in Madagascar, and genotype 7 was found in western Africa, South Africa and Iran. Taken together, this study and previous results (Burt & Swanepoel, 2005; Deyde et al., 2006; Hewson et al., 2004) suggest that CCHFV is a pathogen capable of migrating over short and long distances.
Closer inspection of each genotype in the phylogenetic trees showed that CCHFV did not cluster according to time of isolation (non-temporal evolution). For genotypes 2, 3, 4, 6 and 7, the sequence closest to the most recent common ancestor (MRCA) in each genotype was sampled more recently than the majority of the remaining sequences in the same genotype (Figs 1 and 2) . Moreover, several of the sequences were identical despite different sampling time points, even when the time between sampling time points exceeded 30 years (genotype 1, Pakistan 1970 and 2002; Figs 1 and 2) . Finally, viruses isolated in different years were often found to be closely related. These results suggest that CCHFV is a very stable virus with an extremely low evolutionary rate. Thus, in order to evolve into seven distinct genotypes, CCHFV must have been circulating for a very long time.
Global migration patterns of CCHFV
The topology of the phylogenetic trees indicated that CCHFV has the potential to migrate between countries and continents (Figs 1 and 2). To analyse this further and to test this hypothesis statistically, we performed phylogeographical analysis of CCHFV sequences.
First, we investigated CCHFV panmixia (random interchange of CCHFV sequences between countries). The number of migration events observed in the 450 and 220 nt datasets was compared with the number of migration events in 10 000 random trees, using the genealogies of each dataset as starting trees (randomized test; see Methods). Our results showed a significantly lower (P,0.001) number of migration events than expected by chance in both genealogies, suggesting that migration of CCHFV between countries is restricted and that the genotypes have a limited spread.
CCHFV migration between countries
In an attempt to understand how the different genotypes of CCHFV migrate between countries, we analysed each genotype separately. Due to a limited number of sequences within genotypes 5, 6 and 7, detailed migration analysis would not be meaningful for these genotypes. For the remaining genotypes, we first tested the hypothesis of panmixia. For genotypes 3 and 4, the hypothesis of panmixia was rejected (P,0.05) for both datasets. For genotype 1, panmixia could not be rejected between Iran and Pakistan when using the 450 nt dataset. However, in the 220 nt dataset, which included additional sequences from the United Arab Emirates (UAE), panmixia was rejected (P,0.05). The above results suggest that genotype 1 migrates freely between Iran and Pakistan, but not between the remaining countries. Finally, the hypothesis of panmixia was also rejected (P,0.05) for genotype 2 when the 220 nt dataset was analysed. There were too few sequences available in the 450 nt dataset of genotype 2 to perform a meaningful migration analysis. Taken together, except for genotype 1 in Iran and Pakistan, CCHFV genotypes 1-4 did not migrate freely between countries. However, this does not exclude the possibility that CCHFV migrates between specific countries.
To analyse specific CCHFV migration patterns, we next computed the number of migration events between countries in genotype 1 (220 nt dataset), genotype 2 (220 nt dataset), genotype 3 (450 nt dataset) and genotype 4 (220 and 450 nt datasets). The statistical significance of the observed migration was compared with the 95 % confidence interval of the expected migration retrieved from analyses of 10 000 random trees. The results for genotype 1 showed a significant migration from UAE to Madagascar, Oman and Iraq (P,0.05; Table 2 ), whereas migration from UAE to Iran was less certain (P.0.05; Table 2 ). For genotype 2, we observed less migration than expected by chance from China to Tajikistan, Uzbekistan and Iran (Table 2 ). This suggests that CCHFV does not migrate continuously from China, but has instead been introduced from China at some point, followed by local dissemination in Tajikistan, Uzbekistan and Iran.
In Africa, we observed a non-significant migration (P.0.05) from South Africa to Namibia (genotype 3), and in Europe we observed trends of migration west from Turkey to Kosovo and Bulgaria, and east to Iran (genotype 4). However, because all of the migration events in genotype 4 were insignificant, additional sequences from Bulgaria, Kosovo and Iran would be required in order to determine the migration pattern within this genotype. Finally, less migration than expected was observed from Turkey to Russia (P,0.05; Table 2 ), suggesting that genotype 4 once migrated from Turkey to Russia, where the virus continued to spread locally.
As the migration analyses are based on the tree topology of the ML trees, uncertainties in the tree topology may bias the results. To account for such uncertainties, we computed the average pairwise migrations in the 100 bootstrap trees for all genotypes. All migration events that we identified by using the ML trees from each genotype were confirmed in the analyses of the bootstrap trees from each genotype (data not shown).
DISCUSSION
The present study is, to our knowledge, the first attempt to understand the worldwide migration of CCHFV. We found that there is geographical overlap of different CCHFV genotypes and that migration of CCHFV has occurred. Turkey seems to have been the origin for genotype 4 and may act as a donor towards western Europe. China was the origin of genotype 2 and, finally, UAE was a donor of CCHFV genotype 1 in the Middle East.
In an attempt to understand the migration pattern of CCHFV, we performed phylogeographical analyses. Such analysis has been used successfully to determine migration patterns of human immunodeficiency virus type 1 (HIV-1) and hepatitis C virus (HCV) within and between countries (Nakano et al., 2004; Salemi et al., 2008a, b) and to analyse the migration of HIV-1 between different compartments in the brain (Salemi et al., 2005) and between lymphoid and non-lymphoid tissues (Salemi et al., 2007) .
In Europe, we identified Turkey as a donor of CCHFV genotype 4. It appears that migration from Turkey occurred towards the west to Kosovo and Bulgaria and towards the east to Iran. These conclusions were also supported by the phylogenetic trees (Figs 1 and 2) , where Turkish sequences were identified closest to the MRCA of genotype 4. However, the migrations observed were not significant, probably due to the limited number of sequences from Bulgaria, Kosovo and Iran. Therefore, we believe that it is of great importance to perform a more dense sampling in Europe to elucidate fully the migration patterns of CCHFV in Europe, especially as the tick vector most commonly associated with CCHFV, H. m. marginatum, has recently been found in southern Germany (Kampen et al., 2007) , Spain (Ruiz-Fons et al., 2006) and Portugal (Estrada-Pena & Santos-Silva, 2005). Thus, it is possible that future outbreaks of CCHFV will involve western Europe.
One of the first isolated CCHFV sequences was from Russia, a country in which numerous outbreaks have been reported since the 1940s (Chumakov, 1947; Hoogstraal, 1979) . Interestingly, our phylogeographical analyses using the 450 and 220 nt datasets showed that genotype 4, found in Russia in 1967, in fact originated from Turkey. However, we observed less migration than expected from Turkey to Russia, suggesting a single introduction of CCHFV from Turkey, followed by local dissemination in Russia. In agreement, Turkish sequences were found closest to the MRCA of genotype 4, whereas Russian sequences were more distant (Figs 1 and 2) . A similar tree topology of the S segment has been suggested by other studies (Duh et al., 2008; Midilli et al., 2007) and it has also been suggested that the emergence of CCHFV in Turkey may be a result of an amplification of local virus strains by wildlife populations, rather than introductions from neighbouring countries (Midilli et al., 2007) . It is tempting to speculate that CCHFV genotype 4 originates from Turkey and has spread to neighbouring countries before cases have been reported in Turkey.
We also found that CCHFV genotype 1 migrated north from UAE to Iraq and south to Oman, and continued further south to Madagascar. The migration to Iraq and Oman can be explained by the close proximity of UAE to these countries, whereas the migration to Madagascar is more complex. During the outbreak in UAE in 1994 and 1995, it was suggested that the actual source of CCHFV was Somalia or Nigeria, and that the virus had reached UAE through livestock trading between these countries (Rodriguez et al., 1997) . Thus, it is possible that the migration observed from UAE to Madagascar is an artefact, and donor properties should rather be assigned to Somalia or Nigeria.
China has also had a number of outbreaks of CCHFV, beginning in the 1960s (Yen et al., 1985) . Most of these outbreaks have occurred in the Xinjiang area in south-west China in close proximity to Uzbekistan, Kazakhstan and Tajikistan. Our analysis showed that the CCHFV (genotype 2) found in Tajikistan and Uzbekistan originated from China. However, no continuous migration of CCHFV was observed from China, again suggesting a single introduction of the virus into these countries, followed by local dissemination.
Our phylogenetic analyses showed that the evolution of CCHFV is non-temporal. The small genetic distances between sequences from viruses sampled more than 30 years apart also suggest that the evolutionary rate of CCHFV is extremely low and that the virus has been circulating for a long time, which has been suggested in a previous study (Anagnostou & Papa, 2009) . Thus, it is likely that current genetic observations in fact represent evolutionary changes generated long before sampling.
To determine how long CCHFV has been circulating, much older sequences than those available would be needed. Therefore, it is difficult to determine when CCHFV migration actually occurred, but it was possibly a long time ago. However, it is also likely that the migration of CCHFV has increased during the last decade and will continue to do so, as livestock trading and use of land for agriculture and farming have become more frequent.
Some limitations of this study should be recognized.
Although we believe that we have used the best available dataset for studying CCHFV migration, the number and length of available sequences are yet too few and too short to draw firm conclusions. Future migration analyses should therefore include full-length sequences from the S, M and L segments. In addition, certain countries were represented by a large number of sequences (China, Turkey, Iran, Pakistan and South Africa), whereas only a few sequences were available for others. Although the phylogeographical analyses take these factors into account, the signal becomes limited and a significant number of migration events will therefore fail to be identified. However, all migration events observed in this study were confirmed statistically and do provide important information. However, in order to obtain a more detailed picture of CCHFV migration patterns, better surveillance and additional sequences are required. Also, the modified version of the Slatkin-Maddison test (Slatkin & Maddison, 1989) does not take uncertainties in the tree topology into account, and the support for the internal branches within each subtype was generally low. However, the results that we obtained when using the ML trees were confirmed when we analysed the bootstrap trees for each genotype. We therefore feel confident about the migration results presented herein.
In summary, our analyses showed that CCHFV is a migrating pathogen and, judging from current migration patterns, there is a possibility that future outbreaks may involve western Europe. However, in order to understand fully the ongoing migration of CCHFV and to obtain a more accurate estimate of its migration pattern, more and longer sequences from all three gene segments are required.
As the migration patterns of this pathogen may be of importance for future public health, we suggest that more resources are allocated for surveillance, sampling and sequencing of this lethal pathogen.
METHODS
Datasets. All sequences used in this study were from the S segment of CCHFV and were downloaded from GenBank (http:// www.ncbi.nlm.nih.gov/Genbank/index.html). Due to different sequence lengths, two datasets were generated. The first dataset contained 130 sequences with 450 nt, spanning positions 186-635 of the virus S segment (strain IbAr10200; GenBank accession no. U88410). The second dataset included 168 sequences with 220 nt, spanning positions 310-529 of the virus S segment (strain IbAr10200), and included all 130 sequences from the 450 nt dataset plus an additional 38 sequences. The sequences and corresponding GenBank accession numbers can be found in Supplementary Tables S1 (450 nt dataset) and S2 (220 nt dataset), available in JGV Online.
Phylogenetic analysis. Sequences were aligned with CLUSTAL_X (Thompson et al., 1997) and edited manually by using Genedoc (http://www.psc.edu/biomed/genedoc/). The best nucleotide-substitution model for each dataset was obtained with MODELTEST (Posada & Crandall, 1998) and ML trees were constructed with PHYML (Guindon & Gascuel, 2003; Guindon et al., 2005) . Statistical support for internal branches in the genealogy was obtained by 100 bootstrap replicates.
Phylogeographical analysis. The worldwide migration of CCHFV was analysed by using a modified version of the Slatkin-Maddison test (Slatkin & Maddison, 1989) , which counts migration events to and from subpopulations. Such analysis has been used successfully to determine the migration patterns of HIV-1 and HCV within and between countries (Nakano et al., 2004; Salemi et al., 2008a, b) and to analyse the migration of HIV-1 between different compartments in the brain (Salemi et al., 2005) and between lymphoid and nonlymphoid tissues (Salemi et al., 2007) .
Taxa in the ML tree were assigned with a character indicating sequence origin (country). Next, a one-character data matrix was constructed, reusing the characters from the taxa in the ML tree, and ancestral states, which in our case corresponded to countries, were reconstructed at each internal node by using maximum parsimony. Finally, to test the hypothesis of panmixia (complete intermixing of sequences from different countries), the number of observed migrations in the ML genealogy was computed and compared with the average number of migrations in 10 000 random trees. The random trees were constructed by joining splitting of the original ML tree. If the number of observed migrations was fewer than the number of randomly expected migrations, the null hypothesis of panmixia was rejected and the tree was considered to have subdivided populations with restricted gene flow (randomized test).
The number of migration events between countries was computed with the state changes and stasis tool in MacClade version 4.06 (http://macclade.org), resulting in a pairwise migration matrix. Next, each specific pairwise migration event was compared with the average number of pairwise migration events from 10 000 random trees (generated by random splitting of the original ML tree). The comparison was performed in order to assess the statistical significance of migration events. A migration event was considered significant when the observed number of migrations exceeded the 95 % confidence interval of average migration in the 10 000 random trees. To account for uncertainties in the ML genealogy, the average number of pairwise migration events in 100 bootstrap trees was also computed and compared with the number of migration events in 10 000 random trees.
